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 ABSTRACT
Soil carbon storage - defined here as carbon mass per unit ground area - is an
important ecosystem service, sequestering carbon that might otherwise exist
2in atmospheric CO . Significant attention has focused on the effects that
humans have on carbon cycling, but little is known about how human
behaviors and attitudes relate to lawn carbon storage. The objectives of this
study were to conduct household surveys in concert with soil carbon sampling
in a 10-yr-old exurban neighborhood near Richmond, Virginia to quantify
differences in soil carbon storage between residential lawns and mixed pine-
hardwood forest fragments, and to determine how lawn management and
environmental attitudes relate to soil carbon storage. Lawns stored
significantly less carbon than forest fragments in the top 10 cm of soils. A
significant negative relationship was observed between watering and fertilizer
frequency and soil carbon storage, but the goodness-of-fit was sensitive to
intra-lawn variability in soil carbon mass. Survey respondents that claimed to
be environmentalists stored significantly more carbon and spent one hour less
per week managing their lawns, suggesting that environmental attitudes may
affect how households manage their lawns and, in turn, the quantity of soil
carbon stored in residential soils.
Key words: Soil carbon, carbon sequestration, lawn, human-dominated, residential,
management
INTRODUCTION
Deforestation during land-use conversion is a principal determinant of the carbon
balance of the conterminous United States, prompting C emissions of 12 Tg yr  from-1
1990-2004 (Woodbury et al. 2007). A substantial fraction of C emissions to the
atmosphere in the U.S. is attributed to land-use conversion from forest to residential
ecosystems, which increased from 2.5 to 3.1% from 1990-2000 (Nowak et al. 2005).
Although disturbance during land-use conversion may cause an initial precipitous
decline in soil carbon storage, defined here as soil carbon mass per unit area, post-
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conversion management of residential lawns is hypothesized to prompt recovery of soil
carbon storage that in some cases exceeds that of undisturbed forests (Pouyat et al.
2006, Pouyat et al. 2007, Pickett et al. 2008). The proposed mechanism for higher soil
carbon in highly productive residential lawn ‘ecosystems’ is the accumulation of grass
derived organic matter (Milesi et al. 2005). Nowhere in the U.S. is land-use conversion
from forest to residential habitat more prominent than in the southeastern Piedmont
region, which is now experiencing net deforestation for the first time in nearly a century
as the region rapidly urbanizes (Polsky et al. 2000). 
The amount of soil C stored in residential ecosystems following land-use
conversion from forests is determined by the balance of carbon inputs and outputs over
time, and carbon storage prior to land-use conversion (Pickett et al. 2008). Humans
substantially alter the balance of carbon inputs and outputs through management of
residential lawns (Baker et al. 2007). Management regimes that augment lawn net
primary production (i.e., growth) and retain grass clippings increase carbon inputs to
residential soils (Heckman et al. 2000, Kopp and Guillard 2002, Qian et al. 2003).
Effects of common lawn management practices on soil organic matter decomposition
and, consequently, carbon outputs via microbial respiration are less certain, but soil
disturbance generally causes carbon losses (Kaye et al. 2005). 
Despite its probable importance, lawn management at the household scale plays an
uncertain role in determining soil carbon storage in residential ecosystems, especially
in the understudied, urbanizing Piedmont region of the southeastern U.S. (Kaye et al.
2006, Pataki et al. 2006, Pickett et al. 2008). The Virginia Piedmont is a model location
for examining the presently poorly understood consequences of land-use transformation
on carbon cycling because urban growth is equal to or greater than that of many areas
in the region (Rogers and McCarty 2000). Numerous studies conducted in other
geographic regions have quantified carbon storage in soils and other pools within
human-dominated ecosystems (Jo and McPherson 1995, Koerner and Klopatek 2002,
Nowak and Crane 2002, Kaye et al. 2004, Ziska et al. 2004, Kaye et al. 2005, Milesi
et al. 2005, Golubiewski 2006, Groffman et al. 2006, Pouyat et al. 2006). Only a few
studies have taken soil carbon analyses a step further by empirically examining soil
carbon storage across a range of lawn management intensities (Qian and Follett 2002),
or in relation to social indicators that, in human-dominated ecosystems, may be robust
integrated predictors of soil carbon properties (Pataki et al. 2006, Pickett et al. 2008).
Additionally, educational campaigns that aim to reduce household carbon footprints
require knowledge of how residential soil carbon storage relates to human behavior and
attitudes. For example, carbon footprint models that predict the carbon signature of
households from human behavior are proposed tools for educational outreach and
behavior interventions (Dilling et al. 2003, Pataki et al. 2006, Dilling 2007b).
Here, household surveys of lawn management behavior and environmental attitudes
were conducted, and soil carbon mass (to 10 cm depth) quantified in lawns and forest
fragments of a 10-yr-old exurban neighborhood near Richmond, Virginia to: 1)
determine whether soil carbon storage differed between forests and lawns; and 2)
identify lawn management, physical, and social indicators of soil carbon mass in a
residential ecosystem. An important secondary objective of this work is to examine the
feasibility of developing simple models for predicting soil C storage from lawn
management practices. The study focuses on an understudied system that is
increasingly typical of the Piedmont region of southeastern U.S. in which a planted pine
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forest with hardwood representation is converted to a residential ecosystem (Polsky et
al. 2000). The Piedmont comprises a distinct physiographic region of the U.S. with
unique soils, climate, and socio-demographic features, suggesting that soil carbon
patterns may differ from those reported by prior studies conducted in other geographic
areas. Additionally, this study is among the first to link human management behavior
and attitudes to soil carbon storage following land-use conversion from forest to
residential lawn. 
 METHODS
Study location
The study was conducted in an upper-middle class exurban neighborhood located
30 km west of Richmond in Midlothian, VA (zip code 23112). Single family homes
>300 m  were built in the middle to late 1990s on residential parcels ranging from 0.252
to 0.5 ha. Human population density was 6440 km  with a median household size and2
annual income of 3.26 and $85,000 USD, respectively, in the year 2000 (United States
Census Bureau 2000).
The dominant ecosystem prior to land-use conversion to a suburban residential
neighborhood, as indicated by the surrounding forest fragments, was a mature forest
typical of the region comprised of planted loblolly pine (Pinus taeda L.) and volunteer
hardwood competition including oak (Quercus), hickory (Carya), and maple (Acer)
genera. Homes within the suburban neighborhood are distributed throughout
fragmented forest remnants, which are preserved in common space that is used for
recreation (Figure 1). Residential soils are a Creedmoor fine sandy loam on slopes of
0-12 % (USDA 2009). Mean January and July air temperatures are 6.1 C and 25.6 C,o o
respectively, with mean annual air temperatures of 14.3 C and mean annualo
precipitation of 1115 mm (NOAA 2009).
Experimental design and household surveys
The experimental design coupled household surveys of lawn management and
environmental attitudes with lawn soil bulk density and carbon sampling in a single
neighborhood. To examine impacts of forest conversion to lawns, soils were sampled
in residential lawns and adjacent forest fragments distributed throughout the
neighborhood. The examination of a single, exurban neighborhood minimized variation
in soil properties caused by differences in time since land-use conversion, climate, soil
type, parcel size, and household affluence, all of which may constrain soil carbon
percent and mass (Pickett et al. 2008).
Sixty household surveys of lawn management behavior and environmental attitudes
randomly distributed within the study neighborhood in the autumn of 2008 yielded 33
respondents. Surveys inquired about: a) the application, irrespective of frequency, of
soil aeration, lawn clipping retention, raking of detritus, mulch, chemical weed control,
chemical pesticides, and seeding; and b) the frequency of mowing, watering, and
bagged fertilizer application during the autumn, spring, and summer months. Two
additional questions asked respondents to describe their alignment with environmental
issues and how many hours per week they work in their lawns during the growing
season.
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Soil bulk density and carbon percent and mass
The O horizon and mineral soil carbon were sampled together to a 10 cm depth
during the dormant season of 2008-2009 in 33 residential lawns for which management 
practices were determined via household surveys, and in 24 randomly selected
locations within three large, contiguous forest fragments encompassing the residential
areas. Sampling was limited to the top 10 cm since this carbon-rich soil surface pool
is likely more sensitive to disturbance, including land-use transformation from forest
to lawn, and also is more responsive to subsequent management (Pouyat et al. 2006).
To minimize potential bias from recently deposited detritus (e.g., leaf litter, woody
idebris), fresh litter (O  horizon) was removed from the surface prior to using a metal
corer (3.0 cm diameter) to extract soil from each sampling location. It is important to
note that because of composite sampling of O and mineral soils, physiochemical
properties reported are a combination of both horizons. In each residential lawn, soil
subsamples were collected at three locations 10 m apart along a transect running
parallel to each house. As a proxy for local microclimate, aspect and slope were
recorded for each soil collection location. Forest soils were collected from locations
with no visible disturbances that were > 20 m interior to the forest boundary and within
the common area of the neighborhood. Soils were stored at -20 C until processed.o
In the laboratory, soils were sieved through a 2 mm mesh screen, remaining roots
FIGURE 1. Aerial view of the residential neighborhood examined for soil properties
in Midlothian, Virginia, 30 km outside of Richmond. The inset ruler is 100 m. 
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were removed, and root-free soil was dried in an oven at 60 C to a constant mass ando
weighed to obtain bulk density. A portion (~ 10 g) of each soil subsample was ground
with a mortar and pestle, weighed, and loss on ignition (450 C for 12 hrs) was used too
calculate carbon content assuming a 0.58 C fraction (Pouyat et al. 2002). Soil bulk 
densities were multiplied by the percent carbon of respective subsamples to calculate
soil carbon mass.
Statistical analysis
A stepwise model selection procedure was used to determine which lawn
management and climate proxy parameters (i.e., aspect and slope) correlate with spatial
(inter-lawn) variation in soil carbon mass. Soil subsamples taken from the same lawn
were averaged for the analysis. Separate modeling analyses were conducted on lawns
with coefficients of variation < 0.25 for soil carbon mass and on all lawns to determine
how within-lawn variation affected model explanatory power. Lawn management and
climate proxy parameters were retained in the regression model when alpha # 0.15, the
default for the stepwise procedure in SAS statistical software (SAS Institute, Cary, NC,
USA) and a commonly accepted alpha for regression modeling analysis (Montgomery
et al. 2001).  
Two-tailed t-tests were used to compare mean bulk density, soil carbon percent, and
soil carbon mass between lawn and forest soils. A Wilk-Shapiro Normalilty test
revealed that data were normally distributed and required no pre-analysis
transformation. ANOVA with LSD was used to assess differences in soil carbon mass
among self-ascribed environmental behaviors. All statistical analyses were conducted
using SAS v. 9.1.
 RESULTS
Lawn and forest soil properties
All residential lawn soil properties surveyed differed significantly from those of
forest soils (P < 0.0001, Table 1). Forest soil bulk density in the top 10 cm was less
than half of that observed in lawns, but soil carbon percent in forest soils was over 4
times greater than that of lawns (P < 0.0001, Table 1). This resulted in 67 % greater
soil carbon storage in the top 10 cm of forest soils (Table 1).
TABLE 1.  Summary of soil properties (to 10 cm depth) and statistics for lawns
(n = 33 lawns) and forest fragment soils (n = 24) in Midlothian, VA. 
Parameter Lawn Forest fragment
Bulk density (g cm ) 0.92 (0.035)* 0.41 (0.037)*-2
Percent carbon 3.85 (0.27)* 16.54 (1.04)*
Carbon mass (kg m ) 3.30 (1.45)* 5.50 (1.24)*-2
Mean ± 1 standard error, *P < 0.0001
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Lawn management, orientation and soil properties
Stepwise model selection indicated that soil carbon mass was significantly
correlated with the frequency of common lawn management practices, watering (P = 
0.06) and fertilization (P = 0.11), and with lawn cardinal orientation (P = 0.11). Higher
frequencies of lawn watering and fertilization during the growing season corresponded
with lower soil carbon mass in the top 10 cm (Table 2). Lawns that were oriented
toward the southeast also had lower soil carbon mass than those facing northwest. 
Based on these modeling results, an integrated management and orientation index
was developed for predicting inter-lawn variation in soil carbon mass to a 10 cm depth.
Discrete points were assigned to lawns with higher watering and fertilization
frequencies during the growing season, and to those more closely oriented in the
southeastern facing direction (Table 3). Thus, a high index value indicates greater lawn
management intensity and an orientation toward a putatively dryer, warmer
southeastern face. This index, when fitted against soil carbon mass using an exponential
decay function, explained 57 % (P = 0.0006) and 18 % (P = 0.05) of the variation in
soil carbon mass among lawns with low within-site variation (C.V. < 0.25) and among
all lawns, respectively. Soil carbon mass in the top 10 cm exhibited a rapid decline
from 4.5 kg m  in lawns with low indexes to a near asymptotic low of 2.8 kg m  in2 2
lawns with moderate to high indexes (Figure 2).
Environmental attitudes and soil carbon mass 
Self-ascribed alignment with environmental issues was a moderate indicator of soil
carbon mass (Figure 3). Survey respondents who claimed to be strong
environmentalists had lawns with significantly greater soil carbon mass by 0.8 kg m-2
and they spent one hour less per week on lawn work than those who said that they
agree with environmentalists on most issues. Statistical differences among other
respondent categories were not significant (P > 0.1). Only one respondent claimed to
not be an environmentalist at all and, because of insufficient replication, was excluded
from statistical analysis. 
TABLE 2.  Relationships between lawn management practices and orientation, and soil
carbon mass (to a depth of 10 cm) in an exurban neighborhood near Richmond, VA.
Parameters were selected using a stepwise model procedure (a = 0.15). 
Lawn Management Practice or
Physical Indicator
Effect on Soil
Carbon Mass
Partial r P2
1. Watering frequency during
growing season
9 0.18 0.06
2. Southeast facing orientation
of lawn
9 0.11 0.11
9 0.10 0.113. Fertilization frequency during
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 DISCUSSION
Results from this study show that land-use conversion from forest to lawn
significantly reduced carbon storage in the top 10 cm of soil. Forest soil carbon storage 
reported in this study of 5.5 kg m  in the top 10 cm is similar to 5 kg m  reported for-2 -2
a suburban forest in Baltimore (Pouyat et al. 2002). The mean residential lawn soil
carbon mass of 3.3 kg m  in the top 10 cm is somewhat lower than that of other urban-2
and suburban lawns of the eastern U.S. sampled to a 15 cm depth (Pouyat et al. 2002). 
Pouyat et al. (2009) observed comparable carbon storage in soils of >40-yr-old
residential lawns and remnant urban forests of Baltimore city. The present study may
have revealed lower soil carbon storage in lawns because land-use conversion from
forest to exurban lawns was relatively recent (10 yrs), while older urban lawns of
Baltimore have had substantially more time to accumulate carbon. Accumulation of soil
carbon occurred for decades following land-use conversion from native habitat to
residential lawns or golf course greens located in the arid western U.S. (Qian et al.
2003, Golubiewski 2006). 
Results from the present study also indicate that lawn soil carbon storage declined
with increasing management intensity. Lawn soil carbon storage in this study was
negatively correlated with increased fertilization and watering frequency, and with a
more southeastern facing lawn orientation. Empirical studies conducted in golf courses
indicate mixed effects of fertilization on soil carbon storage, reporting either no effect
(Qian and Follett 2002) or a positive effect (Higby and Bell 1999) of fertilization on
soil carbon storage. Modeling studies uniformly predict a net increase in soil carbon
storage with management intensification (Bandaranayake et al. 2003, Qian et al. 2003,
Milesi et al. 2005). Findings from these empirical and modeling studies provide
important quantitative assessments of how management behavior might affect soil
TABLE 3. Point assignments used to calculate lawn management and orientation
indexes for individual lawns. Parameters were selected for the index using a stepwise
modeling procedure when a < 0.15 (see Table 2). Lawn indexes were calculated for
each surveyed household by summing points associated with each parameter.
Parameter Point assignment
Watering frequency
during growing season
Never = 0; Monthly = 1; Weekly = 2; Daily = 3
Fertilization frequency
during growing season
Equals number of fertilizer applications following
manufacturer specification (0 to 4)
Cardinal orientation
facing lawn
Northwest (270-360 ) = 0; Northeast (0-90 ),o o
Southwest (180-270 ) = 1; Southeast (90-180 ) = 2o o
Total possible points 9
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carbon storage; however, results from the present study suggest that residential
ecosystems, which encompass a range of complex management behaviors, may not
uniformly respond to common management practices in the same way.   
Declining soil carbon storage with higher fertilization and watering frequency will
occur if these parameters cause soil carbon inputs to decrease or carbon outputs to
increase. Soil carbon storage decline is unlikely to be caused by a reduction in carbon
inputs with fertilizer and water amendments because these supplements typically
increase lawn primary production (Higby and Bell 1999, Qian et al. 2003, Milesi et al.
2005). Contrastingly, water and fertilizer amendments may stimulate microbial
decomposition of soil organic matter, thereby increasing carbon losses from soils (Kaye
et al. 2005, Rodriguez et al. 2005). Although the present study did not detect
relationships between aeration and soil carbon storage, tilling and aerating stimulated
soil organic matter decomposition in agricultural soils (Reicosky et al. 1997, Kandeler
et al. 1999, Paustian et al. 2000). High management intensity in residential ecosystems
FIGURE 2. Lawn soil carbon mass (to 10 cm depth) in relation to integrated
management intensity and lawn orientation indexes (see text and Table 3 for details),
and in comparison to soil carbon mass of surrounding forest fragments. A higher index
indicates greater lawn management intensity and/or a more southeastern facing
orientation. Regression analysis was conducted using mean lawn soil carbon mass
values with coefficient of variations (C.V.) < 0.25 (black filled circles; n = 21). Means
with C.V. > 0.25 are also shown (black X’s; n = 12). Gray-shaded area is the 95 %
confidence interval of forest soil carbon mass (n = 24).
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is a putative cause for elevated microbial activity, and consequently decomposition
rates, relative to surrounding natural ecosystems (Green and Oleksyszyn 2002, Koerner
and Klopatek 2002, Kaye et al. 2005). In the present study, the mechanistic cause of
declining soil carbon with increasing management intensity is unknown, but may be
due to enhanced microbial activity. No other management behaviors (e.g., leaving
FIGURE 3. Soil carbon mass (10 cm depth) in relation to household views on
environmental issues and to hours invested in yard work during the growing season.
Survey respondents (n = 33) were asked: “How would you describe yourself with
respect to environmental issues?” and “How many hours per week, during the growing
season, do you spend caring for your lawn?” Letters indicate significant differences
among means (a = 0.05).
Virginia Journal of Science, Vol. 60, No. 4, 2009 https://digitalcommons.odu.edu/vjs/vol60/iss4
190 VIRGINIA JOURNAL OF SCIENCE
clippings onsite) were significantly correlated with soil carbon storage in the present
study and autocorrelation among management behaviors was not detected.
Soil carbon inputs and outputs are also constrained by microclimatic conditions
(Bandaranayake et al. 2003, Milesi et al. 2005), which likely varied according to lawn
orientation in the present study. Lower soil carbon storage in lawns facing southeast
may be caused by dryer, warmer microclimates, which could concurrently reduce net
primary production and increase temperature-limited rates of microbial decomposition
of organic matter in lawns that are well-watered (Wythers et al. 2005, Del Grosso et al.
2008). Additional investigation is required to quantify the balance of carbon inputs and
outputs to residential soils. Particularly, quantitative assessments of carbon outputs are
needed for residential ecosystems since most studies have investigated the contribution
of carbon inputs to soil carbon storage (Kaye et al. 2006).
Findings from the present study provide novel support for the notion that social
indicators can be useful, integrated predictors of soil carbon storage in residential
ecosystems. Households that claimed to be more supportive of environmental issues
stored significantly more carbon in their lawns (Figure 3), possibly because they spent
less time managing their lawns in a way that may reduce soil carbon storage. Strong
environmentalists, for example, spent less time managing their lawns and,
consequently, watered and fertilized less frequently, behaviors negatively correlated
with soil carbon storage in the present study. Results from this study are supported by
a limited number of reports that show social indicators are robust predictors of
ecosystem properties in human-dominated systems. For example, Tratalos et al. (2007)
showed that demographic indicators of social status correlate with residential carbon
storage rates in the United Kingdom. Other studies examined how lifestyle behavior or
social status relate to parameters known to affect carbon storage, including vegetation
cover and tree density (Grove et al. 2006) and fertilizer application rates (Robbins et
al. 2001). Qualitative and semi-quantitative social indicators are promising predictors
of ecosystem function in human-dominated ecosystems and may be important
components of future “carbon footprint” models for urban areas; however, substantial
additional research is required to determine which social indicators are the best
predictors of residential soil carbon storage and to determine whether management
attitudes and behaviors are causally linked (Whitford et al. 2001, Pataki et al. 2006,
Grimm et al. 2008). 
Results from the current study show that a simple model for estimating soil carbon
storage in residential ecosystems may hold future promise, but predictive power is
presently limited by unexplained spatial variability in soil carbon mass. High within-
lawn variation in soil carbon storage limited the detection of strong statistical
relationships with management behavior and orientation when all lawns were included
in model development. Soil carbon storage was significantly correlated with the
integrated index even when all lawns were included in the regression analysis (P #
0.05), but this caused a substantial decline in the model’s explanatory capabilities. It
is also important to note that this study is of a single neighborhood and, although this
approach best addressed study objectives, results are limited in inference to ecosystems
with similar social (e.g., economic) and physical (e.g. soils) dimensions. Despite these
limitations, this study suggests that the general approach employed herein could be
successfully modified to incorporate additional putative explanatory variables that aid
in the development of more robust predictive models.  
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 CONCLUSION
As residential ecosystems grow in number and area, numerous calls have been
made to understand how human behavior modifies important ecosystem functions, such
as carbon cycling (Vitousek et al. 1997, Pickett et al. 2005, Pataki et al. 2006, Liu et
al. 2007, Pouyat et al. 2007, Grimm et al. 2008). Vitousek et al. (1997) asserted that
contemporary ecosystem processes cannot fully be understood without investigating
how and why humans interact with surrounding ecosystems.  
This study is the first conducted in the Piedmont region of the southeastern U.S. to
show that household lawn management is a significant predictor of soil carbon storage
in residential ecosystems. Further investigation is warranted to evaluate why lawn
management intensification decreased lawn soil carbon storage in the present study, a
result that departs from some experimental and modeling studies conducted in other
geographic regions. A broader understanding of household effects on carbon cycling
in residential ecosystems will have implications for ongoing educational campaigns that
seek to modify human behaviors that affect greenhouse gas emissions (Dilling 2007a).
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